Background. Adults living with human immunodeficiency virus (HIV) are at increased risk for anal and oropharyngeal cancer caused by human papillomavirus (HPV). The efficacy of HPV vaccines in this population is unknown.
Anal cancer is caused by infection with high-risk types of human papillomavirus (HPV) and is a common non-AIDS-defining cancer in human immunodeficiency virus (HIV)-infected adults [1] [2] [3] [4] [5] . A metaanalysis of HIV-infected men estimated the anal cancer rate at 45.9/100 000 person-years [6] . Two recent studies have estimated the rate of anal cancer in HIV-infected women to be 30 and 37 per 100 000 person-years [7, 8] .
Anal cancer is preceded by high-grade squamous intraepithelial lesions (HSIL) [6] . Some groups recommend preventing anal cancer by screening for HSIL through cytology and high-resolution anoscopy (HRA) with histology sampling [9] . HSIL is treated with targeted ablation [10] or topical therapies such as 5% 5-fluorouracil or trichloroacetic acid to reduce the risk of anal cancer [11, 12] . Some reports suggest that patients who have received an HPV vaccine respond better to treatments of anal HSIL [13] and cervical HSIL [14] .
Approximately 50 000 US adults are diagnosed annually with oropharyngeal cancer, with an estimated 5-year survival of 64% [15] . HPV causes 72% of oropharyngeal cancer [16] , 84% by HPV 16 and 94% by 9-valent HPV vaccine types [17] . There are no prospective data on the efficacy of HPV vaccination to prevent oropharyngeal cancer. A cross-sectional examination of women exiting a randomized HPV vaccine trial detected a lower prevalence of oral infection with vaccine types among vaccine recipients [18] .
The quadrivalent HPV vaccine (qHPV) is a prophylactic vaccine that is safe and highly immunogenic in HIV-infected adults [19, 20] . In a randomized clinical trial enrolling 598 HIV-uninfected men who have sex with men (MSM) age 18-26 years, qHPV prevented 95% of persistent anal infections with vaccine types (95% confidence interval [CI] , 80% to 99%) in the per-protocol analysis [21] . The vaccine also prevented 75% of anal HSIL due to vaccine types in the per-protocol analysis (95% CI, 9.9% to 95%). The US Advisory Committee on Immunization Practices recommends HPV vaccination for HIV-infected people up to age 26 years [22] .
Prior HPV vaccine clinical trials have enrolled participants with a low exposure to HPV based on age and other enrollment criteria. The efficacy of HPV vaccination in populations with high levels of current and prior HPV infection is unknown. Adult Clinical Trials Group (ACTG) A5298 was conducted to test the hypothesis that qHPV prevents persistent anal infection with vaccine types not detected at study entry in HIV-infected men and women aged ≥27 years, a population with high levels of prevalent and prior HPV infections.
METHODS

Study Design and Participants
ACTG A5298 was a randomized, double-blinded, placebo-controlled, phase 3 clinical trial conducted at 24 sites in the United States and Brazil. The protocol was designed to enroll 464 HIV-infected MSM. A protocol modification added 100 HIVinfected women. Follow-up was planned for 3 years after the last participant was enrolled to a maximum of 4 years participation for an individual participant. Each site's institutional review board or ethics committee approved the trial. All participants provided written informed consent.
Entry Criteria
Participants met the following criteria: HIV-1 infection; age ≥27 years; safety laboratory tests; for men, receptive penile-anal sex or oral-anal sex with another man within 1 year; and ability to provide informed consent. Thirty percent of male participants and 50% of female participants were required to have HSIL on histologic analysis of anal biopsies (bHSIL).
Participants were excluded for history of HPV-related cancer, anal HSIL or condyloma treatment within 6 months, prior HPV vaccination, anticoagulant use, allergy to vaccine components, active drug or alcohol use or other condition that would interfere with study requirements, bleeding diatheses, systemic antineoplastic or immunomodulatory treatment, and pregnancy or breastfeeding.
Randomization and Masking
Participants were randomly assigned 1:1 to either HPV quadrivalent (types 6, 11, 16, and 18) vaccine (Merck and Co. Inc., Kenilworth, New Jersey) or matched placebo at baseline, week 8, and week 24. The placebo for male participants was the vaccine adjuvant with no viral-like particles; female participants received 0.9% saline because placebo was no longer available from Merck. Permuted-block randomization was balanced by site and stratified by sex and presence of bHSIL at study screening. The treatment assignment was provided electronically to local study pharmacists who prepared identical prefilled vaccine syringes. Investigators, participants, and study staff were masked to treatment allocation.
Procedures
Participants underwent 2 prevaccination samplings with anal swabs, as well as oral mouthwash rinse for HPV DNA typing [23, 24] , anal swab for cytology, HRA with directed anal biopsies, and blood draw for CD4+ T-cell count, HIV-1 viral load, and HPV antibodies. Post-randomization, anal swabs for cytology and HPV testing, and oral mouthwash rinse were collected at week 28, week 52, and every 26 weeks thereafter. HPV antibodies were collected at week 28. The local treating provider determined treatment of anal bHSIL and additional HRA. A sexual activity questionnaire was obtained at baseline, week 28, week 52, and every 26 weeks thereafter.
Anal and oral HPV DNA polymerase chain reaction (PCR) testing was performed using L1 consensus primers MY09/ MY11/HMB01 and B-globin primers PC04/GH20. Specimen adequacy was determined by dot blot hybridization and probed with biotin-labeled B-globin and generic HPV probes. B-globin/ HPV-positive samples were then genotyped using a liquid bead microarray assay (LBMA) based on Luminex technology as described [25, 26] . The typing test is a semiquantitative assay used to detect 37 HPV types.
Cytology specimens were interpreted using the Bethesda classification [27] . Anal histology results were classified as no evidence of intraepithelial lesion or malignancy, low-grade squamous intraepithelial lesions (condyloma, intraepithelial neoplasia grade 1, or atypia), bHSIL (intraepithelial neoplasia grade 2 and/or 3 or carcinoma in situ), or invasive cancer.
Serum samples were analyzed using vaccine-type epitope-specific neutralizing anti-HPV antibodies with a competitive Luminex-based immunoassay (Merck Research Laboratories, Kenilworth, New Jersey), as described elsewhere [28, 29] . These assays were performed under the direction of Merck Research Laboratories at PPD Vaccines and Biologics Laboratory.
Outcomes
The primary outcome was time to first new persistent infection of any qHPV type. Persistent infection was defined as qHPVtype infection confirmed by PCR at 2 consecutive 6-month assessments. Participants with baseline HPV infection were evaluable for the primary outcome if they developed new persistent infection with a different qHPV type. A single detection at the final visit was included as an endpoint for the primary outcome; the endpoint of persistent infection only was reported for comparison. Secondary outcomes included persistent oral HPV infection, detection of bHSIL at week 52 or later, anal cytological outcomes, and grade 3 or 4 adverse events related to vaccination. Adverse events were solicited during clinical assessments and graded using Division of AIDS Table for Grading the Severity of Adult Adverse Events Version 1.0, December 2004 [30] .
Statistical Analyses
We targeted 90% power to detect 65% vaccine efficacy for the primary endpoint. Sample size calculations were based on a study of MSM [31] , with 370 MSM required. We inflated the sample size by 25% (N = 464 MSM) to account for enlarged intervals, missing measurements, and loss to follow-up. The addition of 100 women (50 with anal bHSIL) was done upon the suggestion of the Data and Safety Monitoring Board (DSMB), and the sample size of 100 (50 with bHSIL) was chosen to provide adequate power for the secondary objectives of examining the effect of qHPV in preventing anal bHSIL.
Efficacy analyses for prevention of anal and oral HPV infections were done using a modified intention-to-treat (mITT) approach that included all participants who received at least 1 study vaccine and all new persistent infections that occurred after the first vaccination. A generalized log-rank test compared the survival functions of qHPV vs placebo [32] . Estimated hazard ratios were computed using the Cox proportional hazards model for interval-censored data. The HaybittlePeto use function was used; the interim efficacy evaluation was performed with a 2-sided 0.001 level test, and the final analysis used an alpha of 0.0495 with 95.1% CIs. The per-protocol approach (mimicking pivotal phase 3 HPV vaccine analyses) excluded participants who did not complete the vaccine series and endpoints from participants with baseline seropositivity to that HPV type and infections that occurred during the vaccine series. The full ITT approach included all participants and all infections without regard to baseline detection of HPV infections or baseline seropositivity but did require at least 1 negative result post-randomization in those with a baseline infection.
We used the mITT approach for the analysis of anal bHSIL and anal cytological outcomes. The Cochran-Mantel-Haenszel method was used to compare qHPV vs placebo with respect to cytologic outcomes and anal bHSIL detection at week 52 or later stratified by baseline anal bHSIL and sex. The Fisher exact test was used for safety comparison. All analyses were done with SAS version 9.4.
Study Monitoring
An independent DSMB constituted by the National Institutes of Allergy and Infectious Diseases reviewed this study annually. The first efficacy review occurred on 2 September 2015 after 50% follow-up time for the primary endpoint of persistent anal HPV infection. Preset futility rules were met for time to persistent anal HPV infection and bHSIL after week 52. Study personnel were given 3 months to conduct HRA if clinically indicated. Other assessments were suspended.
RESULTS
Of 738 participants assessed for eligibility, 575 were eligible and randomized: 288 randomized to qHPV and 287 to placebo. Participant characteristics were balanced between treatment groups (Table 1) . Randomizations occurred between 8 March 2012 and 23 August 2013. One placebo participant withdrew consent prior to the first study vaccine and was. In total, 278 (97%) qHPV participants and 280 (98%) placebo recipients received all 3 study vaccinations. One participant randomized to placebo received a dose of qHPV at week 24 in error. The median length of follow-up was 3.4 years, and the median number of post-randomization anal and oral HPV assessments per participant was 6. Figure 1 shows the flow of participants.
Anal HPV
In the mITT analysis that included single detection of HPV at the final visit, 27 qHPV and 33 placebo participants experienced persistent anal HPV infection with vaccine types with a vaccine efficacy of 22% (95.1% CI, −31% to 53%; P = .35). When only those with documented persistent infection were included, 14 qHPV and 17 placebo participants experienced persistent anal HPV infection with a vaccine efficacy of 21% (95% CI, −61% to 61%; P = .53). The per-protocol and full ITT are presented in Table 2 .
Anal bHSIL
Among 186 participants with bHSIL at baseline, 120 (65%) received topical or surgical treatment for bHSIL prior to week 52 and 137 (74%) received 1 treatment prior to study completion, including 66% who received surgical procedures and 17% who received topical therapies. Fifty-five (30%) underwent post-randomization anal biopsies prior to week 52 and 94 (51%) after week 52. Among 388 without anal bHSIL at baseline, 32 (8%) had post-randomization anal biopsies obtained prior to week 52 and 128 (33%) after week 52. Prior to week 52, 19 (7%) were found to have anal bHSIL in the qHPV arm compared to 31 (11%) in the placebo group. After week 52 through study completion, 46 (16%) qHPV participants and 45 (16%) placebo participants were found to have anal bHSIL at some point, with an estimated vaccine efficacy of 0% (95.1% CI, −44% to 31%). Among the 91 bHSIL endpoints that occurred after week 52, 56 (62%) occurred in participants with bHSIL at baseline.
In a post hoc analysis, we restricted the analysis to those with bHSIL at baseline who underwent at least 1 treatment for bHSIL and had at least 1 anal biopsy after the treatment, with 43 in the qHPV group and 47 in placebo included. Among these participants, 27 (63%) in qHPV and 27 (57%) in placebo were diagnosed with recurrent bHSIL, respectively.
Oral HPV
In the mITT analysis, which included persistent HPV infection or single detection of HPV at the final visit, 7 qHPV and 10 placebo participants experienced persistent oral HPV infection with vaccine types, with a vaccine efficacy of 32% (95.1% CI, −80% to 74%; P = .44). When only those with documented persistent infection were included, 1 qHPV and 8 placebo participants experienced persistent oral HPV infection with vaccine types, vaccine efficacy 88% (95.1% CI, 2% to 98%; P = .02). All 9 of the participants who experienced these endpoints were male. The per-protocol and full ITT are presented in Table 2 .
Cytology Analyses
Baseline anal cytological results were available from 569 (99%) participants. Abnormal anal cytology results were found in 182 (63%) qHPV and 188 (66%) placebo participants. The proportion with abnormal anal cytology was not statistically different between arms at any follow-up visit. At the final 2 study visits, abnormal anal cytology was nominally lower in the qHPV group: week 130, 44% vs 52%, P = .16; week 156, 45% vs. 55%, P = .11.
Immunogenicity
There were 535 participants with HPV serology data available from baseline and week 28. In the qHPV group, seropositivity increased to 98.9%, 100%, 99.6%, and 97.4% for HPV 6, 11, 16, and 18, respectively, at week 28. Seropositivity did not change appreciably in the placebo group. 
Safety Analyses
There were no grade 3 or greater events attributable to study vaccination. Three participants (all placebo) did not complete the vaccine series due to adverse events (2 deaths and 1 transient ischemic attack). Within 48 weeks of randomization, 8 qHPV and 23 placebo participants experienced serious adverse events, P = .006. After week 48, 20 qHPV and 27 placebo participants experienced serious adverse events. Three qHPV participants (none within 48 weeks of randomization) and 6 placebo recipients (4 within 48 weeks of randomization) died while in the study. None of the deaths were deemed related to study vaccination or study procedures.
DISCUSSION
While HPV vaccination was safe and highly immunogenic consistent with prior studies [19, 20] , we did not find evidence for HPV vaccine efficacy for prevention of anal infection with vaccine types in HIV-infected men and women aged ≥27 years with high rates of prevalent and prior HPV infection. There was a trend in the full ITT analyses for partial efficacy (35%, 95.1% CI, −5% to 60%; P = .08); however, this estimate is much lower than our hypothesized estimate of 65% and much lower than the efficacy of 95% (95% CI, 80% to 99%) observed in young MSM in the per-protocol population and lower than the efficacy of 59% (95% CI, 43% to 71%) in the ITT population [21] . We found no evidence to support an adjunctive role for HPV vaccination to improve outcomes to treatment of anal bHSIL.
There are issues that impacted our ability to show efficacy. Our observed event rate of persistent anal HPV infection excluding single detection at the final visit (2.7 events per 100 person-years) was lower than the protocol assumed rate (7.3 events per 100 person-years). Even though we obtained 2 pre-vaccination HPV samples, it is possible that we did not detect ongoing HPV infection at baseline either because of inadequate sampling or low-level infection. Also, high baseline seropositivity suggests ongoing or latent infection that may not have been detected by HPV DNA PCR. Prior studies have shown that HPV vaccination does not improve clearance of prevalent HPV types [33] . A study of the bivalent HPV vaccine in women aged >26 years detected a lower vaccine efficacy in women with prior HPV infection or disease [34] .
Unlike anal and cervical cancer, there is no premalignant lesion for HPV-associated oropharyngeal cancer that is a viable surrogate in HPV vaccine trials. Persistent oral infection with HPV of ≥6 months duration was identified as the optimal endpoint for clinical trials assessing efficacy of vaccines for prevention of HPV-associated oropharyngeal cancer by the Primary Endpoints for Prophylactic HPV Vaccine Trials Committee convened by the International Agency for Research on Cancer and the US National Cancer Institute [35] . We did find evidence that qHPV prevents persistent oral HPV infection (1 vaccine group endpoint vs 8 placebo group endpoints, P = .02, estimated vaccine efficacy 88%, 95.1% CI, 2% to 98%). However, these results should be interpreted with caution given the wide confidence interval and because this result was not significant when a single detection at the final visit was included.
Our oral HPV results are consistent with a prior cross-sectional study of women exiting a randomized clinical trial of the bivalent vaccine, which found a lower prevalence of oral HPV infection with vaccine types among vaccinated women [18] . In addition, recent analyses from the US National Health and Nutrition Examination Survey found a lower prevalence of oral HPV infection with vaccine types among men and women who received at least 1 dose of HPV vaccine prior to age 26 years compared to unvaccinated individuals (0.11% vs 1.61%; estimated efficacy 88%; 95.1% CI, 5.7% to 98.5%) [36] . The worldwide standard is to vaccinate girls against HPV, but the majority of countries do not recommend vaccinating boys. This is problematic as HPV-associated oropharyngeal cancer is 4 to 5 times higher in men compared to women [37] . The rate of HPVassociated oropharyngeal cancer is 3 times higher in those with HIV infection compared to HIV-uninfected populations [38] . These data suggest that countries should consider the possible benefit of preventing HPV-associated oropharyngeal cancer when deciding HPV vaccination policy for boys.
There are several limitations to our trial. The study was stopped early by the DSMB per protocol-defined futility rules. This limited the precision of our point estimate and prevented observation of outcomes after 3 years. HPV vaccine trials have shown effects in the full ITT analyses 2-3 years after vaccination [21] . Our protocol did not mandate or provide funding for bHSIL treatment. Many participants did not receive treatment, lowering our power to detect significant differences. However, we observed no efficacy for improving anal bHSIL outcomes overall or within the subset that underwent bHSIL treatments. We did not use a central pathology review for cytology or histology outcomes, and bHSIL were not typed to identify the causative HPV type. Finally, we did not have access to the 9-valent HPV vaccine as it had not been approved by the US Food and Drug Administration at study initiation.
In summary, we did not find evidence for HPV vaccine efficacy for prevention of anal HPV infections among HIV-infected men and women aged ≥27 years with a high level of current and prior HPV infection. This underscores the need to vaccinate boys and girls prior to exposure to HPV infection. We did find evidence for vaccine efficacy for prevention of oral HPV infection with vaccine types. These findings should be confirmed in a randomized, placebo-controlled phase 3 trial of the 9-valent HPV vaccine with an endpoint of persistent oral infection.
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